[1] The flux of idealized trace gases across the thermal tropopause is quantified as a function of their chemical lifetime using the Model of Atmospheric Transport and Chemistry (MATCH) driven by National Centers for Environmental Prediction (NCEP) reanalyses. The flux is computed in the limit of instant stratospheric chemical loss, and tropospheric chemistry is idealized as decay with a constant lifetime, c . Emissions are idealized as time independent, with either a generic anthropogenic pattern or a uniform ocean source. We find that the globally averaged flux into the stratosphere normalized by surface emissions is 1% for c = 8 days and 30% for c 140 days, slowly approaching the long-lived limit of balance between stratospheric sinks and surface sources. The qualitative c dependence of the globally averaged flux is captured by a simple one-dimensional model. The flux patterns computed with MATCH for the NCEP reanalyses are insensitive to c and reveal preferred pathways into the stratosphere: The divergent circulation feeding isentropic cross-tropopause transport, storm tracks in the winter hemisphere, and isentropic transport to high latitudes.
Introduction
[2] The exchange of trace gases between the troposphere and the stratosphere has been of intense interest in atmospheric science. This interest stems in large part from the fact that this exchange influences the structure and maintenance of the ozone layer, which in turn plays a major role in the radiative balance of the climate system and in atmospheric chemistry. Of particular interest are so-called very short lived substances (VSLS) [Law et al., 2007; Montzka et al., 2011] , chemically reactive tracers with lifetimes of less than half a year that are typically of anthropogenic or biogenic surface origin. VSLS span a wide spectrum of chemical lifetimes ranging from a few hours (e.g., bromoiodomethane), to a few days (e.g., methyl iodide), to several months (e.g., bromochloromethane). A nonhalogenated short-lived trace gas is carbon monoxide (CO), which also contributes to the chemistry of the lower stratosphere [e.g., Logan et al., 1978; Tian et al., 2010] . VSLS are of interest not only because many are halogenated gases with significant ozonedepletion potentials (ODPs) [e.g., Wuebbles et al., 2001; Brioude et al., 2010; Pisso et al., 2010] but also because of the crucial interplay between chemical lifetime and transport timescales. Because of the short lifetimes, VSLS are not well mixed in the troposphere and their distribution depends strongly on lifetime. It is the focus of this study to isolate the lifetime dependence of troposphere-to-stratosphere (T!S) exchange from other factors affecting VSLS.
[3] Many previous studies have addressed various aspects of the transport of VSLS. For example, using both Eulerian and Lagrangian tracers, Levine et al. [2007] identify the tropical source regions and the regions of the tropical tropopause layer (TTL) that contribute most to transport into the stratosphere. In particular, these authors note that transport into the extratropical lower stratosphere dominates over direct transport into the overworld, a finding we confirm here using a different approach. Levine et al. [2007] quantified the tracer mass fraction that survives in the stratosphere after 4 weeks, using idealized tracers with no decay in the stratosphere and simple first-order decay in the troposphere. Berthet et al. [2007] used back trajectories from the stratosphere tracked over 30 days without any chemical loss to identify the seasonally varying regions of the boundary layer that "ventilate" the lowermost stratosphere, and to distinguish between transport through the tropical and extratropical tropopause layers. Aschmann et al. [2009] used an isentropic Eulerian transport model and idealized bromoform and methyl iodide chemistry to confirm the importance of western Pacific surface sources for efficient transport into the stratosphere. Pisso et al. [2010] used Lagrangian trajectories and idealized chemistry to evaluate the dependence of ODPs on surface emission location and seasonality. Both Aschmann et al. [2009] and Pisso et al. [2010] demonstrate the importance of deep convection for rapid access to the stratosphere, and Gettelman et al. [2009] use a one-dimensional transport model with a simple convective scheme to show that convection is important in controlling the vertical profiles of VSLS in the TTL. For a suite of VSLS, Brioude et al. [2010] compute the mass fraction that reaches the stratosphere and the associated ODPs, segregated geographically and seasonally. These authors combined a sophisticated Lagrangian transport model with a realistic representation of OH oxidization, photolysis, and wet removal of dissociation products.
[4] In this paper we focus on the lifetime dependence of the flux across the tropopause for idealized tracers with prescribed surface sources. We wish to isolate the effect of the interaction between finite chemical lifetime and transport on the rate with which tracers are delivered to the stratosphere: we do not attempt to model realistic VSLS and their decay products or ODPs, but instead focus on transport. We diagnose the flux of trace gases across the thermal tropopause in terms of their one-way T!S flux. This one-way flux is the flux due to the first cross-tropopause passage of the tracer, which is also the total cross-tropopause flux in the limiting case where the tracer cannot return from the stratosphere because it is efficiently destroyed there. This very simple idealization of stratospheric chemistry is consistent with the expectation of complete dissociation of halogenated VSLS on entry in the stratosphere [Brioude et al., 2010] . Alternatively, one may view the one-way flux as the flux of troposphere-labeled tracer that has its tropospheric identity zeroed on entry into the stratosphere. The simplicity of this stratospheric tracer boundary condition, and the numerical robustness with which the resulting one-way T!S flux can be computed [e.g., Orbe et al., 2012] , are the main reasons we choose to focus on the one-way flux. It is worth pointing out that this one-way flux does not suffer from the singularity highlighted by Hall and Holzer [2003] because it takes a finite time for surface tracers to reach the stratosphere. One expects the one-way flux to increase with lifetime until stratospheric loss is the only available sink to balance the surface sources, but the detailed dependence of the oneway T!S flux on chemical lifetime has, to the best of our knowledge, not been isolated as a diagnostic of tropospheric transport and cross-tropopause exchange.
[5] In this study, tropospheric chemistry is idealized as a simple loss rate proportional to mixing ratio with a constant chemical lifetime that is independent of time and location, which is a commonly employed approximation [e.g., Levine et al., 2007; Gettelman et al.; . Because our focus here is on transport, we do not track degradation products into the stratosphere, although this is crucial for the purposes of computing ODPs [e.g., Brioude et al., 2010] , which are not considered here. For the same reasons, we ignore spatial and temporal variations of the chemical lifetime, which differ among specific chemical species [e.g., Liang et al., 2010; Hossaini et al., 2010] as well as wet and dry deposition processes, which would be important for particular species. Given the idealized nature of our study and the considerable uncertainty in the oceanic emissions of VSLS [e.g., Quack and Wallace, 2003; Butler et al., 2007; Palmer and Reason, 2009] , which likely differ from species to species and are necessarily idealized even in studies that aim for maximum realism [e.g., Kerkweg et al., 2008] , we only consider two time independent idealized emission patterns for both biogenic and anthropogenic sources. We find that, remarkably, the T!S flux of VSLS is only weakly dependent on the emission pattern.
[6] For infinite lifetime, it is clear that the steady state one-way flux into the stratosphere must match the surface source of the trace species, while for zero lifetime, the flux into the stratosphere must be zero. The key questions for this study are thus:
[7] 1. How does the globally averaged flux into the stratosphere depend on chemical lifetime, c , for finite c ?
[8] 2. What are the spatial patterns of the T!S flux, and how do they depend on c , given idealized surface emissions?
[9] We emphasize that it is not our goal to simulate any specific trace-gas species or VSLS. Instead, we ask the more general question of how trace gases are transported from the surface to the stratosphere as a function of chemical lifetime. Hence, we focus on highly idealized chemical sources and sinks to elucidate the interplay between transport timescales and chemical lifetimes in controlling T!S fluxes.
Methods

Idealized Tropospheric Chemistry
[10] The mixing ratio of each of our chemical tracers obeys
where T is the linear advective-diffusive transport operator, and c is the constant chemical lifetime. Equation (1) holds in the interior of the troposphere and is subject to the boundary conditions of specified emission fluxes at the surface, and zero mixing ratio in the stratosphere. At the surface, we specify a time-independent mass flux f s (x, y) with global average˝f s˛= f 0 . The boundary condition = 0 above the thermal tropopause ensures zero return flux from the stratosphere back into the troposphere. The tropopause is located using the standard lapse-rate based WMO definition [World Meteorological Organization, 1957] . The resulting statistically cyclostationary flux f (x, y, t) into the lower stratosphere is the focus of this study.
[11] To solve (1) we use MATCH (Model of Atmospheric Transport and Chemistry) driven by NCEP (National Centers for Environmental Prediction) reanalysis data. MATCH is a three-dimensional global model developed by Rasch et al. [1997] that uses the mass-conserving SPITFIRE (Split Implementation of Transport using Flux Integral Representation) flux algorithm [Rasch and Lawrence, 1998 ]. We drive MATCH with T62 NCEP reanalyses [Kistler et al., 2001 ] on a 94 192 Gaussian grid ( 1.9 ı 1.9 ı ) with 28 hybrid levels. A nonlocal scheme determines the boundarylayer height below which a profile of vertical diffusion coefficients is prescribed, and convection is parameterized by combining a local diffusive scheme [Hack, 1994] with a nonlocal penetrative scheme [Zhang and McFarlane, 1995] .
[12] For c < 1 day, we find that the T!S flux of our idealized tracers is very small, with global averages normalized by the surface source of less than 5 and an additional infinite-lifetime tracer as a check on the numerics. The T!S flux is diagnosed after a spin-up of 22 months when the finite-c tracers have reached a statistically stationary state. We analyze seasonal averages for December, January, and February (DJF) and June, July, and August (JJA), further ensemble averaged over 5 years (2002 ( -2006 ( for DJF and 2003 for JJA).
Idealized Surface Emissions
[13] Figure 1 shows the two surface emission patterns used. The uniform ocean source between 80 ı S and 70 ı N is relevant for biogenic halogenated species. The actual source pattern for any given oceanic species will likely have considerable spatial and temporal structure [e.g., Quack and Wallace, 2003; Butler et al., 2007; Kerkweg et al., 2008; Palmer and Reason, 2009] , but in the absence of any detailed data with global coverage for each species of the chemical lifetimes considered, and more importantly to focus on lifetime dependence without changing other variables, we simply choose a uniform ocean pattern with the polar regions excluded. The second pattern is that of the normalized EDGAR (Emission Database for Global Atmospheric Research) 2000 anthropogenic CO emissions [Olivier et al., 2005] coarse-grained to the MATCH grid. This pattern is representative of most anthropogenic emissions, which tend to be highly localized. While the patterns of specific anthropogenic VSLS will differ in detail, one such pattern suffices at the level of idealization considered. Indeed having the same pattern for all species is desirable to cleanly isolate the lifetime dependence of the T!S one-way flux. Note that only the pattern of the emission matters here, because all diagnostics of interest can and will be normalized by the globally integrated emissions.
A Simple Model
[14] Before examining the MATCH/NCEP results, it is useful to consider a highly simplified one-dimensional (1-D) analytical model that illustrates the qualitative dependence of the T!S flux on chemical lifetime. For a purely diffusive atmosphere with constant diffusivity Ä and no horizontal variations, the transport-operator term of (1) becomes
where is the density of air. We prescribe an exponentially decaying density (z) = 0 exp(-z/H) with constant scale height H, and for simplicity, we assume that the tropopause is located at z = H. One could introduce a separate tropopause height H T as an additional parameter, but we intend to use this simple model only for qualitative purposes and therefore chose H T = H. The tracer mass flux into the tropopause at z = H, where zero mixing ratio is enforced, is given by f = -(H)Ä@ z | z=H . From the steady state solution of (1), one obtains
In (2), we have eliminated explicit dependence on the (unknown) diffusivity by using nondimensional variables: Figure 2a shows f (b c ) given by (2). Note that the approach to the asymptote of f/f 0 = 1 takes many (order 10) diffusive timescales H 2 /Ä. We shall see below that the real troposphere, as approximated by NCEP reanalysis together with MATCH's subgrid parameterizations, similarly approaches the c ! 1 limit slowly. With H T > H, the approach to the c ! 1 limit would be yet slower, while with H T < H, the approach would be faster.
[16] Fits of the analytic flux curves (2) to the MATCH simulations show that, as expected, the simple 1-D diffusion model does not capture the short-c asymptotic behavior of the transport accurately. Least-squares fits, with equal weights assigned to the values of c analyzed, show that the analytical curve goes to zero faster as c ! 0 than the simulations do. The episodic fast coherent transport in convective updrafts and in warm conveyor belts cannot be captured by our simple Fickian diffusion model (1). With a nominal scale height of 8 km, the best fits are achieved for effective (vertical) diffusivities of about 2 m 2 /s, although given its obvious limitations, we provide the simple 1-D model primarily to demonstrate the very slow convergence to the c ! 1 limit.
Results
[17] Figure 2b shows the MATCH/NCEP-computed, globally averaged flux into the stratosphere,˝f˛, as a function of c in DJF and JJA and for both source cases. Quantitatively, the globally averaged T!S flux for c = 8 days is about 1% of the source for the ocean pattern and roughly twice as large for the CO pattern in JJA. The globally averaged T!S flux decreases rapidly with decreasing c and falls below 5 10 -4 f 0 for c < 1 day. The c ! 1 limit of balance between stratospheric sinks and surface sources is approached slowly: For c = 144 days, the T!S flux is still only about 35% of the global source for both emission cases during DJF, and 27% of the ocean source and 32% of the CO-like source during JJA. Remarkably, the dependence of˝f˛/f 0 on c is qualitatively similar to that of the simple analytical 1-D model (Figure 2a) , with similar very slow convergence to the c ! 1 limit.
[18] The standard deviation of the day-to-day variability in˝f˛/f 0 is about twice as large in DJF (˙ 0.08 for c = 144 days) as in JJA. Given that the main entry points into the stratosphere lie in the Northern Hemisphere (NH) in DJF, and in the Southern Hemisphere (SH) in JJA (see below), this seasonality in the flux variability is consistent with the recent results of Son et al. [2011] that show greater tropopause variability in the NH during DJF than in the SH during JJA.
[19] Figure3 shows maps of the seasonally and ensembleaveraged flux across the thermal tropopause for c = 5 and 144 days. For lifetimes between these two values, the flux patterns are intermediate. In DJF, the dominant qualitative features of the flux patterns are very similar regardless of lifetime and emission pattern (including 2 Ä c < 5 days, not shown), excepting the flux at high latitudes (e.g., over Antarctica) which grows with c relative to the rest of the pattern. In JJA for the ocean source, the flux patterns are similarly insensitive to c . In JJA for the CO-like source, the flux patterns in the NH are only weakly dependent on c , but they continue to change with c in the SH, where there are almost no anthropogenic sources. The bulk of anthropogenic tracer in the SH troposphere is supplied by interhemispheric transport. Remarkably, even in JJA, a lifetime of c = 144 days is sufficient for the two source cases to have T!S fluxes with broadly similar features in the tropics and subtropics. For c < 2 days (not shown), the flux patterns do depend on the details of the emissions, but less than 0.2% of the tracer reaches the tropopause.
[20] The overall insensitivity of the flux features to both chemical lifetime and source pattern underlines that the lower stratosphere is reached via preferred pathways and cross-tropopause conduits that are visible in Figure 3 : In the winter hemisphere, there is a signature of the storm tracks of midlatitude cyclones whose warm conveyor belts rapidly move air aloft [e.g., Stohl, 2001; Sprenger and Wernli, 2003; Berthet et al., 2007] . This is particularly visible for the COlike source over the North Pacific and for the ocean source in the SH between 40 ı S and 60 ı S. There is also enhanced the upper troposphere with sharp horizontal gradients toward the steeply inclined part of the tropopause in the winter hemisphere. (Such a tropical tracer plume exits also for c = 2 and 21 days but is not visible on the scale of the surface mixing ratio.) These gradients are precisely what one would expect from isentropic crosstropopause transport at 30 ı latitude into a stratosphere where the tracer is instantly removed. Upper-level outflow from tropical tracer plumes toward the winter hemisphere has also been diagnosed in a free-running GCM [Holzer, 1999] .
[23] It is worth emphasizing that the patterns of preferred entry into the stratosphere visible in Figure 3 do not simply consist of tropical regions with a maximum over the western Pacific and Indonesia, as is commonly seen with Lagrangian trajectory studies of cross-tropopause exchange [e.g., Fueglistaler et al., 2004; Bonazzola and Haynes, 2004; Krüger et al., 2008; Fueglistaler et al., 2004] . The reason why our one-way T!S flux patterns are different is that we consider all flux across the tropopause, while the Lagrangian studies typically only select trajectories that connect the troposphere to the overworld (for example by starting back trajectories in the overworld). Thus, while Figure 3 shows a clear signature of the tropical tropopause being crossed over the western Pacific (e.g., the c = 144 day, ocean-source case), the overall pattern of the one-way T!S flux is in fact dominated by the flux lines discussed above where short-lived substances enter the extratropical lower stratosphere (that is, the stratospheric middleworld) isentropically. The dominance of transport into the stratospheric middleworld over transport into the overworld was also noted by Levine et al. [2007] , who estimated that 95% of the air transported from the TTL into the stratosphere is transported into the stratospheric middleworld, with only about 5% ascending directly into the overworld.
[24] Figure Figure 2 , while the patterns of [ f ] display the weak c dependence seen in Figure 3 . Another prominent feature of [ f ] is a peak at high latitudes that increases with increasing c relative to the rest of the pattern as the polar tropopause becomes isentropically more accessible. While the polar fluxes (mass flow rate per unit area) may be locally important, it must be kept in mind that they pass through only a small area. Area weighting the fluxes (thus converting to a mass/time flow rate) eliminates the high-latitude peaks. [25] We have quantified the one-way flux of idealized trace gases with chemical lifetimes 1 Ä c Ä 144 days across the thermal tropopause using MATCH driven by NCEP reanalyses. We acknowledge that both model and reanalyses have limitations. The MATCH model is subject to possible biases because convection and boundary-layer processes are not resolved by the NCEP data and therefore need to be parameterized. While beyond the scope of our study, it would be useful to repeat our calculations with different convective parameterizations to quantify the sensitivity of the T!S flux to processes not resolved in the NCEP data. This is particularly important in light of the strong transport from the upper tropical troposphere into the lower stratosphere produced by MATCH/NCEP, and the general importance of convection for the transport of short-lived species [e.g., Aschmann et al., 2009; Gettelman et al., 2009; Pisso et al., 2010] .
Discussion
[26] The NCEP reanalysis data has issues of its own: Pawson and Fiorino [1998] document some of the NCEP biases by comparing with European Centre for MediumRange Weather Forecasts (ECMWF) reanalyses (ERA) [Gibson et al., 1997] . A recent analysis of the NCEP biases in surface fluxes is provided by Decker et al. [2012] . Although our results would certainly be quantitatively different had we used ERA or some other meteorological driving data, the qualitative character of the lifetime dependence and patterns of the one-way T!S flux would likely be unchanged given that these patterns are organized by the large-scale tropospheric flow, and the fact that MATCH does not rely on the analyzed winds to represent convection but instead uses an updraft ensemble parameterization for deep convection [Zhang and McFarlane, 1995] . Improvements from using diabatic heating rates in the upper TTL for advecting Lagrangian particles [e.g., Krüger et al., 2008; Wohltmann and Rex, 2008] cannot readily be applied to MATCH and lie beyond the scope of our analysis.
Conclusions
[27] The goal of this study has been to quantify how the interplay between chemical lifetime and tropospheric transport controls the T!S flux of short-lived species. By using highly idealized chemistry and emission patterns, we have isolated the lifetime dependent patterns of the one-way T!S flux, thus complementing the many existing studies on the cross-tropopause exchange of VSLS. Our key findings are as follows:
[28] 1. The dependence of the globally averaged flux˝fǫ n chemical lifetime c is qualitatively similar to that of a very simple 1-D diffusion model. For tracers with c < 1 day, f˛is less than 5 10 -4 the globally averaged source flux f 0 , and for c = 8 days˝f˛/f 0 1%, the exact value depending on season and emission pattern. The approach to the longlived limit of˝f˛= f 0 is very slow: For lifetimes of about 5 months, roughly two thirds of the tracer is still destroyed ("oxidized") in the troposphere before reaching the lower stratosphere (˝f˛/f 0 30% for c = 144 days).
[29] 2. The spatial pattern of the one-way flux into the lower stratosphere is insensitive to both the geographic distribution of the emissions and the chemical lifetime, except for fluxes into the polar regions; these increase with increasing lifetime due to isentropic access to the high-latitude lower stratosphere. The polar fluxes are most pronounced over Antarctica for the predominantly SH ocean source, but because they occur over a small area, they make a negligible contribution to the globally averaged flux.
[30] 3. The T!S flux patterns reveal preferred pathways into the lower stratosphere, suggesting the following three main routes by which tracers of surface origin reach the lower stratosphere: (i) In regions of tropical deep convection and large-scale low-level convergence, ascent into the upper troposphere is followed by upper-level outflow with the dominant Hadley cell, which feeds isentropic transport into the stratospheric middleworld. (ii) Enhanced T!S flux is associated with the winter hemisphere's storm tracks, where warm conveyor belts are the likely mechanism for rapid transport into the lower stratosphere [e.g., Stohl, 2001; Berthet et al., 2007] . (iii) For lifetimes greater than a few days, isentropic transport to polar regions becomes locally important.
[31] Our findings are in broad agreement with those of Levine et al. [2007] , who also find that the lateral transport into the stratospheric middleworld dominates over fluxes through the tropical tropopause into the overworld. Although we use a different methodology and different meteorological data (NCEP versus ECMWF), our findings are in qualitative and approximate quantitative agreement: Both studies find that the entry of surface-origin tracers into the tropical stratosphere is strongest over Indonesia, although unlike Levine et al. [2007] , we do not see a DJF secondary maximum over Africa, which is likely due to the fact that we considered no major African sources, while Levine et al. [2007] release their tracers uniformly everywhere between 20 ı S and 20 ı N. Levine et al. [2007] estimate that 0.5%-1% of a VSLS with c = 1 week, and 3%-4% of a VSLS with c = 4 weeks, have reached the stratosphere within one month. For the roughly corresponding lifetimes of 8 and 21 days, our ocean-source DJF flux ratios are 1.2% and 4.9%, respectively.
[32] The implications of our findings for the importance of bromoform to stratospheric chemistry are therefore also similar to the study of Levine et al. [2007] . For any substance of interest with a chemical lifetime c , our flux ratio for that value of c (Figure 2b ) can simply be multiplied by the corresponding surface emissions to get a rough estimate of the flow rate with which the substance first enters the stratosphere. Thus, for example, bromoform emissions of 10 Gmol Br/year [Quack and Wallace, 2003] , with an estimated lifetime roughly bracketed by 8 and 21 days [Sinnhuber and Folkins, 2006] , imply a flux of 0.12-0.49 Gmol Br/year first entering the stratosphere during DJF (about 25% less in JJA).
[33] Finally, we acknowledge that a more complete study of transport into the stratosphere would not only consider first entry into the stratosphere, but also the residence time within the stratosphere. A detailed analysis of the residencetime-dependent ventilation of the stratosphere from the tropical tropopause has recently been performed by Orbe et al. [submitted to JGR-Atmospheres] .
